
;e3eOoOl@ZF6|TIS 9 1 METHOD FOR FORMING A NICKEL SILICIDE LAYER
aHas~,~~o~~~as,Rw.E Technical Field s The present invention relates to
methods for forming nickel silicide on silicon substrates and, in
particular, relates to a method for forming nickel silicide on a silicon
substrate wherein silicon oxide, if present on the substrate, does not
substantially inhibit the formation of the nickel silicide. Background Art
When forming contacts on the source, drain, and gate regions of
complementary metal-oxide-semiconductor (CMOS) transistors, it is common to
simultaneously form self-aligned silicide (or salicide) on the source,
drain, and gate regions. Silicides allow for high-speed device operation by
reducing ~s resistance-capacitance (RC) time delay and constitute .,table,
low-resistance contacting structures. In this way, they help minimize
source/drain series resistance and optimise device performance. Titanium
(Ti) and cobalt (Co) silicides are the most commonly used silicides.
However, it is difficult to form a low resistivity phase on narrow lines 2o
using titanium silicide. In addition) the use of cobalt silicide often
results in large silicon consumption as well as high junction leakage. In
addition, in order to form Ti and Co silicides the materials need to be
annealed at temperatures around 700C. An alternative silicide which can
also be used in the silicide process is 2s nickel monosilicide (NiSi). NiSi
has a low resistance (15-18 Q52. cm) and can be formed at temperatures in
the range of 400C to 700C. In contrast to conventional titanium silicide,
the sheet resistance of NiSi is not affected by strong linewidth effects.
An advantage NiSi has over cobalt silicide is that for the same silicide
thickness, Si consumption for its formation is only 80 % of that 3o for
cobalt silicide. The lower Si consumption of NiSi is particularly   2
advantageous for its use in devices with ultra small feature sizes since
this alleviates the stringent constraints on salicide processes that result
from junction depth scaling with low resistance requirements. However,
there are two major concerns for the use of NiSi. Like CoSi2, s NiSi is
sensitive to oxygen contamination from the ambient air and from residual
interfacial contaminants such as native oxides. Such contamination can lead
to rough interfaces and high diode leakage on shallow junctions. The
presence of such native oxides on a silicon substrate substantially inhibit
the formation of nickel silicides. This is because the native oxide acts as
a diffusion barrier, preventing the nickel from reacting with the silicon.
The 



formation of nickel silicide often fails in the presence of native oxide.
In this case, although nickel silicide formation may be achieved using high
processing temperature, e.g., 700C or above, the silicide formed is
dilicide with higher resistivity, but not the desired monosilicide with low
resistivity. 15 The present invention provides a method for forming nickel
silicide on a silicon substrate wherein silicon oxide, if present on the
substrate, does not substantially inhibit the formation of the nickel
silicide. Disclosure of Invention 2o In a first aspect, the present
invention provides a method for forming a nickel silicide layer on a
silicon substrate comprising the steps of: (a) providing a silicon
substrate having a surface; (b) depositing a layer of nickel alloy on the
substrate surface, the nickel alloy comprising nickel and an oxide-reacting
material; and 25 (c) annealing the nickel alloy layer and the substrate
causing the nickel in the nickel alloy layer to react with the silicon
substrate and form a nickel silicide layer on the substrate surface and
wherein silicon oxide, if present on the surface, does not substantially
inhibit the formation of the nickel silicide layer.   3 Preferably, the
nickel alloy layer, once deposited, has an exposed surface and wherein the
oxide-reacting material in the nickel alloy substantially inhibits the
formation of nickel oxides on the exposed surface. Preferably, the
oxide-reacting material is selected from the group 5 consisting of: (a)
Titanium; and (b) Tantalum. Preferably, the nickel alloy layer comprises
80-98% nickel and 2-20% oxide-reacting material. More preferably, the
nickel alloy layer comprises about 95% nickel and about 5% oxide-reacting
material. Preferably, the step of annealing the layer and the substrate
comprises annealing at temperatures ranging from about 400C to 700C. More
preferably, the step of annealing the layer and the substrate comprises
annealing at temperatures ranging from about 450C to 550C. 15 Preferably,
the step of depositing the layer of the nickel alloy on the substrate
surface comprises depositing the layer by a technique selected from: (a)
sputtering; (b) e-beam evaporation; and (c) thermal evaporation. 2o
Alternatively, the step of providing a silicon substrate having a surface
comprises the steps of: (a) providing a silicon substrate having a surface;
and (b) growing a layer of chemical oxide on the substrate surface. 



Preferably, the step of growing the layer of chemical oxide on the 25
substrate surface comprises growing a layer of silicon oxide to a thickness
of about 5-20A. More preferably, the step of growing the layer of silicon
oxide on the substrate surface comprises growing the layer to a thickness
of about 1213A.   4 Preferably, the annealing step comprises annealing the
nickel alloy layer, the chemical oxide layer and the substrate thereby
causing: (i) the oxide-reacting material in the nickel alloy layer to react
with the chemical oxide layer to form a diffusion membrane on the 5
substrate surface, the diffusion membrane being formed from the reaction
between the oxide-reacting material and the chemical oxide; and (ii) nickel
atoms from the nickel alloy layer to diffuse through the diffusion membrane
and react with the silicon substrate to form a 1 o nickel silicide layer on
the substrate surface, beneath the diffusion membrane. Preferably, the
nickel atoms diffuse through the diffusion membrane substantially
uniformly. Preferably, the nickel silicide layer is a substantially flat
nickel silicide 15 layer. In a second aspect, the present invention
provides a modified silicon substrate comprising a silicon substrate having
a surface and a layer of nickel silicide on the substrate surface, the
modified substrate having been formed by the first aspect of the present
invention. 2o In a third aspect, the present invention provides a modified
silicon substrate comprising: (a) a silicon substrate having a surface; (b)
a layer of nickel silicide on the substrate surface, the nickel silicide
layer having been formed by: 25 (i) depositing a layer of nickel alloy on
the substrate surface the nickel alloy comprising nickel and an
oxide-reacting material; and (ii) annealing the nickel alloy layer and the
substrate, thereby 



causing the nickel alloy layer to react with the substrate to 3o form the
nickel silicide layer on the substrate surface   5 wherein silicon oxide,
if present on the surface, does not substantially inhibit the formation of
the nickel silicide layer. Preferably, the oxide-reacting material is
selected from the group consisting of: (a) Titanium; and (b) Tantalum.
Preferably, the nickel alloy layer comprises 80-98% nickel and 2-20%
oxide-reacting material. More preferably, the nickel alloy layer comprises
about 95% nickel and about 5% oxide-reacting material. Preferably, the
nickel silicide layer was formed by annealing the nickel alloy layer and
the substrate at temperatures ranging from 400C to 700C. More preferably,
the nickel silicide layer was formed by annealing the nickel alloy layer
and the substrate at temperatures ranging from 450C to 550C. Preferably,
the nickel silicide layer was formed by depositing the layer ~ 5 of the
nickel alloy on the substrate surface by a technique selected from: (a)
sputtering; (b) e-beam evaporation; and (c) thermal evaporation.
Alternatively, the nickel silicide layer was formed by: 20 (a) providing a
silicon substrate having a surface; and (b) growing a layer of chemical
oxide on the substrate surface prior to depositing the layer of nickel
alloy on the substrate surface and annealing the nickel alloy layer, the
chemical oxide layer and the substrate. Preferably, the nickel silicide
layer was formed by growing the layer of 25 chemical oxide on the substrate
surface to a thickness of 5 to 20A. More preferably, the nickel silicide
layer was formed by growing the layer of chemical oxide on the substrate
surface to a thickness of about 12 to 13A. Preferably, the nickel silicide
layer was formed by annealing the nickel alloy layer, the chemical oxide
layer and the substrate thereby causing:  



6 (i) the oxide-reacting material in the nickel alloy layer to react with
the chemical oxide layer to form a diffusion membrane on the substrate
surface, the diffusion membrane being formed from the 5 reaction between
the oxide-reacting material and the chemical oxide; and (ii) nickel atoms
from the nickel alloy layer to diffuse through the diffusion membrane and
react with the silicon substrate to form a nickel silicide layer on the
substrate surface, beneath the diffusion ~o membrane. Preferably, the
nickel silicide layer was formed by the nickel atoms diffusing through the
diffusion membrane substantially uniformly. Preferably, the nickel silicide
layer is a substantially flat nickel silicide layer. ~ 5 Throughout this
specification, unless the context requires otherwise, the word "comprise",
or variations such as "comprises" or "comprising", will be understood to
imply the inclusion of a stated element, integer or step, or group of
elements, integers or steps, but not the exclusion of any other element,
integer or step, or group of elements, integers or steps. 2o Any discussion
of documents, acts, materials, devices, articles or the like which has been
included in the present specification is solely for the purpose of
providing a context for the present invention. It is not to be taken as an
admission that any or all of these matters form part of the prior art base
or were common general knowledge in the field relevant to the present
invention as it 2s existed before the priority date of each claim of this
application. In order that the present invention may be more clearly
understood, preferred forms will be described with reference to the
following drawings and examples.   7 - Brief Description of the Drawings
Figure 1 is a flow chart illustrating a first preferred method according to
the invention; Figures 2-4 are cross-sectional side views of a silicon
substrate having a 5 nickel silicide layer formed thereon according to the
first preferred method of the present invention; Figure 5 is a flow chart
illustrating a second preferred method according to the present invention;
Figures 6-9 are cross-sectional side views of a silicon substrate having a
1o nickel silicide layer formed thereon according to the second preferred
method of the present invention; and Figures 10-13 are cross-sectional side
views of a complementary metal oxide-silicon (CMOS) transistor having a
layer of nickel silicide formed thereon according to the first preferred
method of the present invention. 15 



Detailed Description Referring to Figure 1, there is shown a flow chart
illustrating the first preferred method for forming a nickel silicide layer
on a silicon substrate according to the present invention. As shown in
Figures 1 and 2 the first step 2o involves providing 1 a silicon substrate
2 having a surface 3. As shown in Figures 1 and 3, the next step involves
depositing 4 a layer of nickel alloy 5 on the substrate surface 2. The
nickel alloy is made up of nickel and an oxide reacting material such as
titanium or tantalum. The following description assumes that the nickel
alloy is nickel titanium (Ni(Ti)). In 25 this preferred embodiment the
nickel alloy is made from about 95% nickel and about 5% titanium.
Alternative compositions in which nickel comprises about 80% to 98% of the
nickel alloy and titanium comprises about 2% to 20% of the nickel alloy may
also be used.   8 The nickel alloy layer 5 is preferably deposited on the
substrate 2 by sputtering, e-beam evaporation or thermal evaporation to a
thickness of about 5 to 50nm. As shown in Figures 1 and 4, the next step
involves annealing 6 the s nickel alloy layer 5 and the substrate 2. During
the annealing step any residual silicon dioxide (Si02) on the substrate
surface 3 reacts with the titanium in the nickel alloy layer 5 to form a
titanium silicon oxide (TiXSiyOZ, where x, y and z are integers greater
than or equal to 1 ) diffusion membrane 8. The diffusion membrane 8 allows
a flux of nickel atoms to diffuse from the nickel alloy layer 5 through the
diffusion membrane 8 into the silicon substrate 2. As the nickel atoms
diffuse through the diffusion membrane they react with the silicon
substrate 2 to form a layer of nickel silicide 7. This nickel silicide
layer 5 forms beneath the diffusion membrane 8. The effective reduction of
residual oxide, if any, through the mechanism stated above assures the
formation of nickel silicide even in the presence of residual oxide at low
processing temperatures (e.g., 450 to 500  C), thus improving manufacturing
yield. The resulting structure, as shown in Figure 4, comprises a silicon
substrate 2 upon which a substantially flat nickel silicide layer 7 is
formed. The nickel silicide layer has a thin TiXSiYOZ diffusion membrane 8
on top of it. The 2o unreacted portion of the nickel alloy layer 5 remains
on top of the diffusion membrane 8. The step of annealing 6 the nickel
alloy layer 5 and the silicon substrate 



2 should be performed at temperatures ranging from about 450C to 550C.
Temperatures ranging from about 400C to 700C may also be used. It will be
2s appreciated by those skilled in the art that these temperatures are much
less than those conventionally needed to form nickel silicide (typically
around 700C) when residual silicon oxides are present. Figure 5 shows a
flow chart illustrating a second preferred method according to the present
invention. The main difference between this preferred 3o method and the
previous preferred method is that this method includes an additional step
of growing a layer of chemical oxide on the substrate surface. When this
chemical oxide reacts with the titanium in the nickel alloy layer a   9
substantially uniform diffusion membrane is formed which facilitates the
formation of a substantially flat nickel silicide layer beneath it. The
steps and features indicated in Figures 5-9 which have the same numerical
reference as those indicated in Figures 1 to 4 are intended to refer to
common steps or 5 features. As shown in Figures 5 and 6, the first step in
this second preferred method involves providing 1 a silicon substrate 2
having a surface 3. Referring to Figures 5 and 7, the next step involves
growing 9 a layer of chemical oxide 10 on the substrate surface. The layer
of chemical oxide 10 is preferably a layer of silicon oxide grown to a
thickness of about 12-13 A. Thicknesses of about 5-20A may also be used.
Before growing the thin chemical oxide layer 10, the substrate 2 may be
cleaned by immersion in HF. As shown in Figures 5 and 8, the next step
involves depositing 4 a layer of nickel alloy 5 on the substrate surface 2.
As described above with reference ~ 5 to the first preferred method, the
nickel alloy is made up of nickel and an oxide reacting material such as
titanium or tantalum. The following description assumes that the nickel
alloy is nickel titanium (Ni(Ti)). As shown in Figures 5 and 9, the next
step involves annealing 6 the nickel alloy layer 5 and the substrate 2.
During the annealing step the layer of 2o silicon oxide 10 on the substrate
surface 3 reacts with the titanium and the nickel alloy layer 5 to form a
titanium silicon oxide (TixSiyOZ where x, y and z are integers greater than
or equal to 1 ) diffusion membrane 8. As described above, the diffusion
membrane 8 allows a flux of nickel atoms to diffuse from the nickel alloy
layer 5 through the diffusion membrane 8 into the silicon 25 substrate 2.
The reactions which take place and the resulting structure, shown 



in Figure 9, are substantially the same as those described with reference
to Figures 1 and 4 above. One of the advantages of both of the above
methods is that the diffusion membrane 8 allows the silicidation reaction
to take place slowly. This slow 3o reaction rate results in a very smooth
interface between the silicon substrate 2 and the nickel silicide layer 7.
When used in very shallow junctions, the smooth   10 silicide/silicon
interface greatly reduces the potential for current leakage. Furthermore,
because the nickel silicide layer 7 exhibits reduced grooving at the grain
boundary this results in enhanced agglomeration resistance and improves the
thermal stability of the nickel silicide film. 5 Figures 10 to 13
illustrate the application of the first preferred method in forming a
nickel silicide layer on the source 13, gate 20 and drain regions 14 of a
complimentary metal-oxide-silicon (CMOS) transistor 11. As shown in Figures
1 and 10, the first step involves providing 1 a partially formed transistor
11 including a silicon substrate 2, a number of insulating regions 12 and a
number of bared source, drain and gate regions 13, 14, 20. Turning to
Figures 1 and 11, the next step involves depositing 4 a layer of nickel
alloy 5 on the substrate. The layer of nickel alloy is deposited by
sputtering, e-beam evaporation or thermal evaporation to a thickness of
about 15 5 to 50 nm. The nickel alloy layer covers the insulating regions
12 and source, gate and drain regions 13 14, 20 of the partially formed
transistor 11. Turning to Figures 1 and 12, the next step involves
annealing 6 the entire transistor at temperatures ranging from about 450C
to 550C. Temperatures ranging from about 400C to 700C may also be used.
During 2o the annealing step any residual silicon dioxide (S;02) on the
source gate and drain regions 13,14, 20 reacts with the titanium in the
nickel alloy layer 5 to form a titanium-silicon-oxide diffusion membrane 8.
As with previous examples, the diffusion membrane 8 allows a flux of nickel
atoms to diffuse from the nickel alloy layer 5 through the diffusion
membrane 8 into the source, 25 gate and drain regions 13, 14 of the silicon
substrate 2. As the nickel atoms diffuse through the diffusion membrane 8,
they react with the silicon substrate 2 to form a layer of nickel silicide
7. The portions of the nickel alloy layer 5 on the insulating regions 12
are unable to react with the silicon substrate 2 due to the presence of the
insulating regions 12. 3o The resulting structure, as shown in Figure 12,
comprises a transistor 11 having a number of source, gate and drain regions
13, 14, 20 upon which a   11 substantially flat nickel silicide layer 7 is
formed. That layer has a thin TiXSiyOZ diffusion membrane 8 on top of it.
The unreacted portion of the nickel alloy layer 5 on the source gate and
drain regions 13, 14 remains on top of the diffusion membrane 8. 5 As shown
in Figure 13, the last step in the process involves etching off the
unreacted nickel alloy layer 5 and the diffusion membrane 8 using an
appropriate chemical etchant to leave a transistor 11 having source gate
and drain regions 13 with a substantially flat layer of nickel silicide 7
formed thereon. Although this CMOS transistor application has been
described with reference to the first preferred method, the second
preferred method, involving the step of growing a layer of chemical oxide
on the source, gate and drain regions, may also be used. It will be
appreciated by persons skilled in the art that numerous 15 variations
and/or modifications may be made to the invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as
broadly described. The present embodiments are, therefore, to be considered
in all respects as illustrative and not restrictive.   12 



Claims: 1. A method for forming a nickel silicide layer on a silicon
substrate comprising the steps of: (a) providing a silicon substrate having
a surface; s (b) depositing a layer of nickel alloy on the substrate
surface, the nickel alloy comprising nickel and an oxide-reacting material;
(c) annealing the nickel alloy layer and the substrate causing the nickel
in the nickel alloy layer to react with the silicon substrate and form a
nickel silicide layer on the substrate surface and wherein silicon oxide if
present on the surface does not substantially inhibit the formation of the
nickel silicide layer. 2. A method according to claim 1 wherein, once
deposited, the nickel alloy layer has an exposed surface and wherein the
oxide-reacting material in 15 the nickel alloy substantially inhibits the
formation of nickel oxides on the exposed surface. 3. A method according to
claim 1 or claim 2 wherein the oxide-reacting material is selected from the
group consisting of: 20 (a) Titanium; and (b) Tantalum. 4. A method
according to any one of the preceding claims wherein the nickel alloy layer
comprises 80 to 98% nickel and 2 to 20% oxide-reacting 25 material. 5. A
method according to claim 4 wherein the nickel alloy layer comprises about
95% nickel and about 5% oxide-reacting material.   13 6. A method according
to any one of preceding claims wherein the step of annealing the layer and
the substrate comprises annealing at temperatures ranging from 400C to
700C. 5 7. A method according to claim 6 wherein the step of annealing the
layer and the substrate comprises annealing at temperatures ranging from
450C to 550C. 8. A method according to any one of the preceding claims
wherein the 1 o step of depositing the layer of the nickel alloy on the
substrate surface comprises depositing the layer by a technique selected
from: (a) sputtering; (b) e-beam evaporation; and (c) thermal evaporation.
15 9. A method according to any one of the preceding claims wherein the
step of providing a silicon substrate having a surface comprises the steps
of: (a) providing a silicon substrate having a surface; and (b) growing a
layer of chemical oxide on the substrate surface. 20 



10. A method according to claim 9 wherein the step of growing the layer of
chemical oxide on the substrate surface comprises growing a layer of
silicon oxide to a thickness of 5 to 20A. 25 11. A method according to
claim 10 wherein the step of growing the layer of silicon oxide on the
substrate surface comprises growing the layer to a thickness of 12 to 13A.
14 12. A method according to any one of claims 9 to 11 wherein the
annealing step comprises annealing the nickel alloy layer, the chemical
oxide layer and the substrate thereby causing: (i) the oxide-reacting
material in the nickel alloy layer to react with 5 the chemical oxide layer
to form a diffusion membrane on the substrate surface, the diffusion
membrane being formed from the reaction between the oxide-reacting material
and the chemical oxide; and (ii) nickel atoms from the nickel alloy layer
to diffuse through the diffusion membrane and react with the silicon
substrate to form a nickel silicide layer on the substrate surface, beneath
the diffusion membrane. 13. A method according to claim 12 wherein the
nickel atoms diffuse 15 through the diffusion membrane substantially
uniformly. 14. A method according to claim 12 or claim 13 wherein the
nickel silicide layer is a substantially flat nickel silicide layer. 20 15.
A modified silicon substrate comprising a silicon substrate having a
surface and a layer of nickel silicide on the substrate surface, the
modified substrate having been formed by the method defined in any one of
claims 1 to 14. 25 16. A modified silicon substrate comprising: (a) a
silicon substrate having a surface; (b) a layer of nickel silicide on the
substrate surface, the nickel silicide layer having been formed by:   15 -
(i) depositing a layer of nickel alloy on the substrate surface, ' the
nickel alloy comprising nickel and an oxide-reacting material; and
annealing the nickel alloy layer and the substrate, thereby 5 causing the
nickel alloy layer to react with the substrate to form the nickel silicide
layer on the substrate surface wherein silicon oxide if present on the
surface, does not substantially inhibit the formation of the nickel
silicide layer. 17. A modified silicon substrate according to claim 16
wherein the oxidereacting material is selected from the group consisting
of: {a) Titanium; and {b) Tantalum. ~ 5 18. A modified silicon substrate
according to claim 16 or claim 17 wherein the nickel alloy layer comprises
80 to 98% nickel and 2 to 20% oxide-reacting material. 



19. A modified silicon substrate according to claim 18 wherein the nickel
2o alloy layer comprises about 95% nickel and about 5% oxide-reacting
material. 20. A modified silicon substrate according to any one of claims
16 to 19 wherein the nickel silicide layer was formed by annealing the
nickel alloy layer and the substrate at temperatures ranging from 400C to
700C. 25 21. A modified silicon substrate according to claim 20 wherein the
nickel silicide layer was formed by annealing the nickel alloy layer and
the substrate at temperatures ranging from 450C to 550C.   16 22. A
modified silicon substrate according to any one of claims 16 to 21 '
wherein the nickel silicide layer was formed by depositing the layer of the
nickel alloy on the substrate surface by a technique selected from: (a)
sputtering; 5 (b) e-beam evaporation; and (c) thermal evaporation. 23. A
modified silicon substrate according to any one of claims 16 to 22 wherein
the nickel silicide layer was formed by: 10 (a) providing a silicon
substrate having a surface; and (b) growing a layer of chemical oxide on
the substrate surface prior to depositing the layer of nickel alloy on the
substrate surface and annealing the nickel alloy layer, the chemical oxide
layer and the substrate. 15 24. A modified silicon substrate according to
claim 23 wherein the nickel silicide layer was formed by growing the layer
of chemical oxide on the substrate surface to a thickness of 5 to 20A. 25.
A modified silicon substrate according to claim 24 wherein the nickel 2o
silicide layer was formed by growing the layer of chemical oxide on the
substrate surface to a thickness of about 12 to 13A. 26. A modified silicon
substrate according to any one of claims 23 to 25 wherein the nickel
silicide layer was formed by annealing the nickel alloy layer, 25 the
chemical oxide layer and the substrate thereby causing: (i) the
oxide-reacting material in the nickel alloy layer to react with the
chemical oxide layer to form a diffusion membrane on the substrate surface,
the diffusion membrane being formed from the   17 reaction between the
oxide-reacting material and the chemical oxide; and (ii) nickel atoms from
the nickel alloy layer to diffuse through the diffusion membrane and react
with the silicon substrate to form a 



5 nickel silicide layer on the substrate surface, beneath the diffusion
membrane. 27. A modified silicon substrate according to claim 26 wherein
the nickel silicide layer was formed by the nickel atoms diffusing through
the diffusion membrane substantially uniformly. 28. A modified silicon
substrate according to any one of claims 16 to 27 wherein the nickel
silicide layer is a substantially flat nickel silicide layer. 15 29. A
method for forming a nickel silicide layer on a silicon substrate
substantially as described herein with reference to the accompanying
figures and examples. .A._.AAy.AU.AA.AA9.AA .AA
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